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Abstract

:

This paper aims to investigate the quality of thin alumina films deposited on glass samples using magnetron sputtering in the reactive modulated pulsed power mode (MPPMS) and evaluate the process productivity. The aluminum target was sputtered in Ar/O2 gas mixtures with different fractions of oxygen in the total gas flow, in the fixed pulsed voltage mode. The pulse-on duration was varied between 5 and 10 ms, while the pulse-off time was 100 or 200 ms. The dependences of mass deposition rate and discharge current on the oxygen flow were measured, and the specific deposition rate values were calculated. Prepared coatings had a thicknesses of 100–400 nm. Their quality was assessed by scratch testing and by measuring density, refractory index, and extinction coefficient for different power management strategies. The strong influence of pulse parameters on the coating properties was observed, resulting in a maximum density of 3.6 g/cm3 and a refractive index of 1.68 for deposition modes with higher duty cycle values. Therefore, adjusting the pulse-on and pulse-off periods in MPPMS can be used not only to optimize the deposition rate but also as a tool to tune the optical characteristics of the films. The performance of the studied deposition method was evaluated by comparing the specific growth rates of alumina coatings with the relevant data for other magnetron discharge modes. In MPPMS, a specific deposition rate of 200 nm/min/kW was obtained for highly transparent Al2O3, without using any dedicated feedback loop system for oxygen pressure stabilization, which makes MPPMS superior to short-pulse high-power impulse magnetron sputtering (HiPIMS) modes.
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1. Introduction


Preparation of thin-film coatings is a crucial process for many production steps in electronics, optical instrumentation, machining. Specifically, oxide coatings are widely applied in these areas because of their unique combinations of electrical and mechanical properties. In optical applications, coatings based on oxides of various metals are most in demand since they have high refractive indices and good transparency. For example, interference coatings are used to obtain high reflectance (mirror coatings), to change the polarization of radiation (interference polarizers), and also to increase transmittance and contrast (antireflection coatings) [1,2,3]. In electronics, metal oxide films are frequently used as insulating layers and interfaces for matching adjacent materials’ thermal expansion coefficients [4,5]. They are also valuable for creating durable electronic components because of their ability to withstand high temperatures and harsh environments [6,7,8,9,10,11]. Among metal oxide coatings applied in these fields, Al2O3 (alumina) is widely presented [12].



There are several well-developed methods for applying such thin-film coatings, which nevertheless have certain application limitations. For example, chemical vapor deposition (CVD) requires a high substrate temperature [13] and does not allow precise control of the thickness of the resulting coating. One of the most widely applied physical vapor deposition (PVD) methods—cathodic arc evaporation—cannot fully guarantee the absence of microscale inclusions and associated defects in the deposited film [14]. Another popular PVD method for producing metal oxide coatings is reactive magnetron sputtering, which is realized when a magnetron discharge is formed in a mixture of argon with the addition of oxygen.



Magnetron sputtering (MS) systems vary largely in the power application approach, and apart from the most popular direct current (DC), mid-frequency (MF, or pulsed DC), and radiofrequency (RF) modes, currently we have a choice of more sophisticated impulse discharge regimes, such as high-power impulse magnetron sputtering (HiPIMS), modulated pulsed power magnetron sputtering (MPPMS), deep oscillation magnetron sputtering (DOMS), and their combinations.



When operating in a reactive gas environment, classical MS modes (DC and RF) exhibit specific technological difficulties [15,16,17], such as target surface arcing, disappearing anode effect, and low plasma density near the substrate (for the DC case), and low deposition rate, low efficiency, and limited scaling opportunity (for the RF case). Also, one of the most prominent features of reactive sputtering is strong nonlinear hysteresis coupling between reactive gas flow, discharge characteristics, and deposition rate [18,19], which requires advanced process control techniques for maintaining deposition stability and reproducibility.



The use of impulse modes (HiPIMS, MPPMS, DOMS), in many cases, allows the mitigation of the complications of reactive sputtering associated with poisoning of the target and anode surfaces with non-conductive compounds [20,21,22,23,24,25,26]. HiPIMS is capable of obtaining plasmas with a high ionization degree by using short (30–150 μs) pulses with peak power density levels of 1–10 kW/cm2. The distinct feature of MPPMS is a longer (1–10 ms-scale) pulse, while the degree of ionization in MPPMS is comparable to that in HiPIMS [27]. Enhanced fluxes of ions facilitate the growth of coatings with high density, which is relevant for applications in electronics, optics, and the production of tools. However, the productivity of pulsed processes is usually lower than that of conventional ones.



In [28], HiPIMS and DC MS are compared by their performance of depositing Al2O3 films by sputtering an aluminum target in a mixture of argon and oxygen using the HiPIMS and DC MS methods. The experiment was conducted in Ar/O2 at a total pressure of 0.8 Pa. The average power in HiPIMS modes was 60% higher than in DC to compensate for the lower deposition rate. When using DC, a sharp decrease in the deposition rate was observed after a particular critical value of oxygen flow, which is associated with target poisoning. In the case of HiPIMS, the deposition rate decreased more smoothly than in DC, and no hysteresis was observed. It was concluded that the tradeoff between coating quality and deposition rate is achieved in this transition region. Hence, the use of HiPIMS provides more consistent performance during oxide deposition.



In [29], a comparative analysis is performed for the optical properties of Al2O3 films obtained by HiPIMS and DC MS. Diagnostics of the samples was carried out using spectral ellipsometry. The refractive index values for films obtained by different methods and under different conditions vary significantly, and the authors draw the following conclusions: (1) the refractive index for samples obtained using the HiPIMS method increases with increasing magnetron discharge power; (2) samples obtained by DC MS exhibit an increase in refractive index with decreasing deposition rate, as well as with increasing substrate temperature; and (3) the refractive index for samples obtained by annealing is comparable to the refractive index of a sample deposited by magnetron sputtering and at a substrate temperature of 500 °C. It should be noted that the maximum refractive index among the samples obtained without additional substrate heating corresponds to the HiPIMS method (n = 1.60).



Despite improvements in reactive sputtering stability in HiPIMS as compared to DC MS, the deposition rate of oxides is comparatively low. In pursuit of increasing the growth rate of compound coatings without compromising their quality, the combinations of HiPIMS+MF modes were considered [24,30,31,32], and MPPMS modes were developed, which combine high ionization degree of the deposition flux and high deposition rates [33,34,35]. The application of MPPMS modes showed good performance for metallic and nitride coating deposition. For oxide coatings, DOMS mode, which is a modified version of MPPMS, is considered much more frequently. The application of DOMS mode together with closed-loop feedback control of oxygen partial pressure increases the productivity of Al2O3 coating preparation with respect to HiPIMS and allows the elimination of the arcing on the target [36].



The purpose of this work is to study the performance of AlxOy coatings deposition in MPPMS modes without any feedback control and without applying external substrate heating, and to compare it with typical HiPIMS data. The quality of alumina coatings is evaluated by their density, optical parameters, and adhesion to the substrate.




2. Experimental Methods


2.1. Experimental Setup


A scheme of the installation used for alumina films deposition is shown in Figure 1.



It is a confocal magnetron sputtering setup comprising slightly unbalanced circular magnetrons Magneto-3GABS (Pinch, LLC., Moscow, Russia). In the current experiments, a single magnetron was used out of three available in the installation. Sputtering was performed from a 76.2 mm-diameter aluminum target with 99.999% purity (Girmet, LLC., Moscow, Russia). The samples were placed at the bottom of the vacuum chamber, attached to a stage rotating at a frequency of 1.5 rpm. The distance between the magnetron cathode and the sample was 10 cm. During the film deposition process, the mass deposition rate was monitored by a quartz crystal microbalance (QCM). A detailed description of the setup and the magnetrons can be found in [37,38,39,40].



The vacuum chamber was pumped down to a base pressure of 10–4 Pa with a turbomolecular pump backed by a multi-stage dry Roots pump. The working gas mixtures of argon and oxygen were supplied by automated mass-flow controllers El-Flow (Bronkhorst High-Tech B.V., AK Ruurlo, The Netherlands). In all cases, the total operating pressure was fixed at 0.5 Pa. The total flow was 30 sccm. The oxygen flow range used in the experiments was 0–3 sccm. Correspondingly, since the total gas flow was fixed at 30 sccm, the oxygen flow fraction in the Ar/O2 gas mixture was varied from 0 to 10%. The partial pressure of oxygen was not monitored.



The magnetron was powered by a customized ELMI-600/1250S power supply (Esto-El, LLC., Zelenograd, Russia), with a maximum power of 12 kW and a maximum voltage of 1250 V. The main characteristics of the power supply are presented in Table 1.



The power supply could be operated either in MPPMS or HiPIMS mode, allowing wide room for pulse adjustment. Typical MPPMS current and voltage waveforms are shown in Figure 2.



Each individual macropulse with ms-scale pulse duration is built from short 13 µs micropulses delivered with 60 kHz repetition frequency [41]. In our case, three combinations of pulse and pause durations were used: ton/toff = 5 ms/100 ms, 10 ms/200 ms, and 10 ms/100 ms, so the repetition frequency was 5–10 Hz.




2.2. Sample Preparation


The coatings were deposited on glass samples 25 × 25 × 1 mm cut from the microscope slides (Thermo Scientific, Menzel Glasbearbeitungswerk GmbH & Co., Braunschweig, Germany). Prior to the experiments, they were ultrasonically washed in an alkaline cleaning solution, then in hot water, and then dried for 1 h.




2.3. Diagnostic Methods


The properties of prepared coatings were analyzed by a number of standard diagnostic methods.



2.3.1. Quartz Crystal Microbalance


QCM Mikron-5 (Izovac, LLC., Minsk, Belarus) was used to monitor the mass deposition rate during the deposition process. QCM was calibrated by experimentally determining the geometric factor, which depends on the sensor’s location. Prior to the main experiments, pure aluminum films were deposited on glass substrates; their thickness was measured using a profilometer, and the deposition rate was calculated. In addition, the density of the resulting film was calculated in each case. As a result, we obtained the value of the geometric factor, which allowed the coating deposition rate to be monitored in a real-time mode. However, correct interpretation of such measurements still requires knowing the density of the deposited coating, which depends on the film composition.




2.3.2. Profilometry


A Dektak 150 (Veeco, Tucson, AZ, USA) surface profiler was used to measure the thickness and roughness of coatings deposited on glass substrates. The stylus radius was 12.5 µm, and the applied force was 10 mg.



The measurement technique involved applying a narrow strip of carbon tape to the edge of the glass substrate before the experiments, depositing a desired coating, removing the tape, and measuring the step with a profilometer.




2.3.3. Ellipsometry


The measurements were carried out on an ES-2LED installation, which is an LED spectral ellipsometer [42]. The optical properties of the samples were studied at an angle of incidence of 55 degrees for 635 nm radiation wavelength. The measurement reproducibility and stability of the ellipsometric parameters Ψ and Δ were no worse than 0.001 and 0.01°, respectively.




2.3.4. Scratch Testing


A Revetest (Anton Paar GmbH, Graz, Austria) machine was used to perform scratch testing of prepared coatings to evaluate their adhesive properties. It can apply a maximum load of 100 N in the fine range, with 0.1 mN resolution, at a scratching speed of up to 600 mm/min.






3. Results


3.1. Coating Uniformity


At first, we studied the coating thickness profile across the sample surface. In order to determine the thickness distribution of the resulting coatings, thin aluminum films were deposited on the glass substrates with initially attached masks, which covered a thin diagonal strip on each sample. After the deposition, the mask was removed, and the dependences of the coating thickness on the lateral coordinate were measured with the surface profiler. The resulting profiles are presented in Figure 3.



One can observe that the coating thickness is quite uniform over the entire sample surface. The scatter in the values is primarily due to the fact that the initial surface of the untreated glass samples was not ideally flat and had a surface roughness of Ra~20 nm.




3.2. Deposition Rate Measured by QCM


In order to determine the coating deposition rate, three series of experiments were carried out in three different modes: ton/toff = 5 ms/100 ms, 10 ms/200 ms, and 10 ms/100 ms. The discharge voltage was fixed at 500 V. In each series, the oxygen content in the vacuum chamber was changed stepwise while other parameters were kept constant. The deposition rate was measured with QCM only. As a result, the dependences of the mass deposition rate on the oxygen gas flow were obtained (Figure 4). The calculations were considering the value of the geometric factor obtained during QCM calibration.



At first, after the introduction of oxygen, the mass deposition rate increases. After that, each curve exhibits an inflection at around 0.6–0.9 sccm. The mass deposition rate reaches a plateau for ton/toff = 5 ms/100 ms and 10 ms/200 ms modes, while for the ton/toff = 10 ms/100 ms mode, it continues to grow gradually. Increasing oxygen flow above 3 sccm was associated with discharge instability due to intense target arcing. Such behavior of mass deposition rate on the oxygen flow differs from the results of [28]. Specifically, no decrease in deposition rate is observed even at the highest oxygen flow (ΓO2) values. For modes with equal duty cycle values (ton/toff = 5 ms/100 ms and 10 ms/200 ms), the deposition rates are close to each other as expected, since the average discharge power values in these regimes are comparable.



The difference in these results from the well-known behavior of deposition rates in reactive magnetron sputtering is because of the power supply design. It should be noted that our magnetron pulsed power supply could only be operated in constant voltage mode. Therefore, neither discharge current nor power could be kept constant as the oxygen content in the gas mixture was increased. Instead, the dependence of pulsed discharge current on the oxygen flow was measured and compared for three operation modes ton/toff = 5 ms/100 ms, 10 ms/200 ms, and 10 ms/100 ms (Figure 5).



The current increases with increasing the oxygen flow, and its growth rate is higher in the modes with lower duty cycles, when the pulse duration is shorter or the pause duration is longer. In reactive sputtering processes, the variation of current with reactive gas flow increase is a well-known effect associated with oxide layer growth on the target surface [43]. For Al surfaces, oxidation results in enhanced ion-induced electron emission as compared to metallic Al and higher discharge current values. At the same time, sputtering of the oxide film from the target surface is more efficient for large duty cycle values, which results in a lower pulsed discharge current [41,44].



Consequently, even when keeping the same temporal parameters of the pulsing, it is incorrect to compare coating deposition rates without considering the real power applied to the target. For this reason, the rates should be normalized to the power value. Provided the voltage is constant, the mean discharge power is proportional to the pulsed discharge current and duty cycle. Therefore, with an increase in the oxygen flow, the average discharge power grows, and one would expect to observe an increase in the deposition rate. This can explain the unusual behavior of the deposition rate as a function of oxygen flow shown in Figure 4.



The discharge power was calculated from experimentally measured current and voltage values. The mass deposition rate was then divided by the mean discharge power value to yield the specific rate measured in g/min/kW, which we find more relevant for comparing different coating deposition methods. Figure 6 demonstrates the dependence of the specific deposition rate on the oxygen gas flow.



One can notice that the resulting dependencies are now in accord with the data obtained for HiPIMS modes [28]. The decrease in the specific deposition rate starting from around a 0.6–0.9 sccm oxygen gas flow corresponds to the beginning of the transition from metallic to oxide sputtering (poisoned) mode. Consequently, we expect to obtain transparent optical coatings in the transition region, characterized by higher deposition rate values than in poisoned mode. Additionally, the gradual decrease in the deposition rate in response to the increase in oxygen flow indicates the mitigation of hysteresis effects associated with target poisoning. This is favorable for stable long-time magnetron operation without using of feedback control systems to stabilize oxygen partial pressure in the chamber.



Due to the absence of samples in this experimental series, we could assess neither the density of the applied coatings nor their optical properties. Therefore, keeping in mind the found trends and the range of operating conditions, in the following experimental series, the aluminum oxide coatings were applied to glass substrates in the selected discharge modes.




3.3. Preparation of Aluminum Oxide Coatings


To analyze the optical and physical properties of the coatings, aluminum oxide films were deposited on glass substrates in the same three pulsing modes: ton/toff = 5 ms/100 ms, 10 ms/200 ms, and 10 ms/100 ms. The discharge voltage was fixed at 500 V. The main parameters of the experiment are shown in Table 2.



Using the surface profiler, the film’s thicknesses were measured, and the specific coating deposition rates were calculated. The obtained dependencies are presented in Figure 7.



These dependencies are consistent with similar dependencies obtained using QCM (Figure 6). As expected, the transparent coatings are grown in the transition region, which is illustrated by the inserted sample photographs. In addition, the specific deposition rates for these samples are noticeably higher than the characteristic values for samples obtained by the HIPIMS method 70 nm/min/kW [45]. For transparent Al2O3 coatings, the deposition rate is 200–300 nm/min/kW, which is 50–60% of the metallic deposition rate. This means that MPPMS enables alumina coatings deposition at a faster rate than HIPIMS with the same applied power. The results are comparable with DOMS deposition aided with closed-loop feedback control of oxygen partial pressure [36], although in our case, no such control system was used, and the process was simplified to maintain a constant oxygen flow.



In most cases, after the deposition, the surface roughness of the initial sample surface was preserved and was equal to Ra ~20 nm. However, in the modes where arcing was observed on the target (the two rightmost points in Figure 7), the surface roughness was higher because of the defects introduced by macroparticle ejection from the target.



Figure 8 shows the dependences of coating density on oxygen flow for various modes obtained by measuring the mass of deposited film Δm, its thickness h, and dividing the mass over the surface area A and the thickness: ρ = Δm/(A × h). The main contribution to the experimental error values originates from mass measurement uncertainty.



The resulting aluminum oxide films have densities corresponding to the amorphous state of the oxide: 2.7–3.6 g/cm3. One might notice that the density of coatings increases with increasing oxygen content. In this case, the growth occurs faster for the mode with a higher duty cycle (ton/toff = 10 ms/100 ms).




3.4. Scratch Testing


Scratch tests were performed under linearly increasing indenter load from 0.3 to 30 N at a rate of 15 N/min. The scratch length was 5 mm, and the indenter speed was 2.53 mm/min. A Rockwell diamond spherical indenter tip with 200 µm radius was used. The critical loads were detected using an acoustic sensor and visually evaluating scratch images. Figure 9 shows examples of acoustic emission and load during the scratch test and typical scratch images in characteristic regions. One can see the increase in the acoustic signal at loads of about 4–6 N, which is associated with the cracking of deposited film. With the load increase, cracking intensifies, and the acoustic signal grows correspondingly. At the load above 7–14 N, the signal starts to fluctuate, while the images demonstrate the film’s disintegration followed by the substrate’s destruction.



A stable acoustic emission signal after the coating fracturing corresponds to the damage of the glass substrate.



Obtained critical load values demonstrate decent adhesion of prepared coatings to the glass substrate.




3.5. Ellipsometry


The results of ellipsometry diagnostics for transparent thin films of aluminum oxide are shown in Figure 10 (extinction coefficient) and Figure 11 (refractive index).



Extinction coefficients for most of the samples are below the sensitivity level of the instrument used, which is 2×10–2. Large absorption coefficients for samples deposited at oxygen flow values of 1.65 and 1.80 sccm can presumably be explained by the coating quality deterioration due to the microarcing on the target during the deposition process, which caused increased roughness and an abundance of surface defects.



The refractive indices for all obtained samples are higher than for samples obtained by HiPIMS (n = 1.60) [29].





4. Discussion


The different pulse lengths can explain the difference in the parameters of coatings obtained in MPPMS and HiPIMS. In pulsed magnetron sputtering systems, the flux of sputtered atoms onto the substrate is modulated in accordance with the pulsing regime [46]. In addition, the amplitude of the flux modulation depends on other factors; however, in some cases it can be neglected. A sketch of the dynamics of sputtering and deposition fluxes of target species with a pack of five pulses is presented in Figure 12. As the pause between pulses increases, the modulation of the atomic flux increases and, as a result, the flux onto the substrate becomes essentially nonuniform in time. With a triangular shape of current pulses, which is usually the case for HiPIMS modes [47], the flux modulation would be even more pronounced than with a rectangular shape.



In the case of MPPMS, the pulse length is longer than the characteristic deposition time of aluminum atoms. Therefore, the flux onto the substrate during the pulse is relatively uniform, and as a result, the parameters of the coatings are improved.



In the HiPIMS case, short pulses are used, with their shape different from rectangular and more similar to the triangular one. Consequently, the flux of sputtered metal atoms onto the substrate becomes inhomogeneous over time and the coating quality might deteriorate.



Moreover, apart from the modulation of atomic fluxes, the shape of discharge pulses and pulsing mode affect the reactive deposition outcome. This is because the stability of the reactive sputtering process is sensitive to the characteristic times of sputtering and oxidizing stages [24,36]. The thickness of the insulating layer that is grown on the target surface and is responsible for the arcing exhibits variations associated with the form of discharge current pulses. If the pulses are short and have a large magnitude, the arcing events occur frequently, with a pronounced negative effect on coating properties.



One of the approaches for improving the HiPIMS performance in this case is to combine it with mid-frequency pulsed DC sputtering [24]. However, it requires using at least two power supplies and properly syncing between their output signals. As the DOMS modes, the HiPIMS+MF ones imply using a feedback loop control system for oxygen pressure to ensure high productivity of the deposition process. Therefore, the ability to prepare transparent alumina coatings at high deposition rates without using such control systems and with a single power supply is an advantage, making the studied MPPMS modes both energy- and cost-effective, at least for producing alumina oxide coatings.




5. Conclusions


The specific deposition rate of 200 nm/min/kW was obtained in MPPMS modes with ms-scale pulses for the preparation of highly transparent Al2O3 films with densities up to 3.6 g/cm3, characteristic of amorphous Al2O3, which makes MPPMS superior to short-pulse HiPIMS modes. The refractive indices for all MPPMS-deposited coatings (n = 1.63–1.68) are higher than those reported for the short-pulse HiPIMS method (n = 1.60) without substrate heating. The density and the refractive index are higher for the coatings prepared with a higher duty factor. For all samples, the extinction coefficient is below the instrument sensitivity level (k < 10–2).



The lack of need to utilize an oxygen pressure feedback loop to maintain a stable and highly productive deposition process is an advantage, making the discussed MPPMS modes both energy- and cost-effective, at least for producing alumina oxide coatings.
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Figure 1. Setup of the magnetron sputtering system. 
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Figure 2. MPPMS discharge current and voltage waveforms (ton = 5 ms). 
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Figure 3. Dependence of coating thickness on the lateral coordinate. 
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Figure 4. Dependence of the mass deposition rate on the oxygen flow. 
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Figure 5. Dependence of the discharge current on the oxygen flow. 
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Figure 6. Dependence of the specific mass deposition rate on the oxygen gas flow. 
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Figure 7. Dependence of specific deposition rate on the oxygen gas flow value. Photographs of samples corresponding to ΓO2 = 0.9 and 1.5 sccm are demonstrated. 
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Figure 8. Dependence of coating density on oxygen flow. 






Figure 8. Dependence of coating density on oxygen flow.



[image: Coatings 14 00082 g008]







[image: Coatings 14 00082 g009] 





Figure 9. Scratch testing results for selected samples. 
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Figure 10. Dependence of extinction coefficient on oxygen content. 
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Figure 11. Dependence of refractive index on oxygen content. 
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Figure 12. A sketch of the dynamics of sputtering pulses (blue curves) and deposition flux (magenta curves) of atoms in MPPMS mode with a rectangular shape of current pulses. 
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Table 1. Parameters of the magnetron power supply.
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Mode

	
MPPMS

	
HiPIMS






	
Pulse duration ton, ms

	
3–30

	
0.03–0.3




	
Pause duration toff, ms

	
100–1000

	
1–10




	
Maximum current, A

	
150




	
Maximum voltage, V

	
1250











 





Table 2. List of main experimental parameters.
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Sample No.

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13






	
Pulse duration, ms

	
5

	
10

	
10




	
Pause duration, ms

	
100

	
200

	
100




	
Oxygen flow, sccm

	
0.60

	
0.75

	
0.90

	
1.20

	
1.50

	
1.65

	
1.80

	
0.75

	
0.90

	
1.05

	
1.20

	
1.50

	
0.90

	
1.20

	
1.50




	
Current, A

	
0.6–4




	
Total pressure, Pa

	
0.5




	
Voltage, V

	
500




	
Duration, min

	
20
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